mTOR ͉ nutrient sensing ͉ amino acids ͉ insulin signaling
M
aintenance of blood glucose levels involves a complex interplay between peripheral tissues and pancreatic ␤ cells (1) . The impaired ability of insulin to trigger downstream metabolic actions, defined as insulin resistance, is closely associated with the development of type 2 diabetes (2). Multiple mechanisms have been proposed as a molecular basis underlying the induction of insulin resistance (2, 3) , of which phosphorylation of IRS-1 on serine residues has emerged as a key event (4) . Indeed, a large number of protein kinases have been shown to cause serine phosphorylation of IRS-1, including JNK (5), IKK (6) , ERK (7), PKC-(8, 9), PKC-(10), mTOR (11) , and, more recently, S6K1 (12, 13) . Phosphorylation of IRS-1 by serine/threonine kinases is known to cause inhibition of insulin signaling by negating IRS-1's ability to serve as a mediator of insulin receptor tyrosine kinase signals (4) .
Nutrient overload represents a defining cause of insulin resistance (14) , and recent evidence suggests that the mTOR/raptor/ G␤L (mTOR Complex 1) signaling complex, an effector of nutrient and hormonal signals (15) (16) (17) , and its downstream target, S6K1, are critical components in this response (13, 18, 19) . Activation of this pathway by insulin or amino acids has been shown to cause increased serine phosphorylation of IRS-1, disruption of phosphatidylinositol 3-kinase (PI3-kinase) signaling, and inhibition of glucose transport in L6 myocytes and 3T3-L1 adipocytes (20) (21) (22) (23) . Moreover, injection of rapamycin in mice was found to reduce serine phosphorylation of IRS-1 and prolong insulin-stimulated PI3-kinase activity in skeletal muscle (24) . Further insights into the molecular mechanism linking S6K1 activation to IRS-1 serine phosphorylation was revealed by studies of the TSC1-TSC2 tumor suppressor complex, a component of the canonical PI3-kinase signaling pathway, which acts to suppress insulin-induced mTOR Complex1 signaling and S6K1 activation (13) . Disruption of this complex in mouse embryonic fibroblasts leads to constitutive S6K1 activation, leading to IRS-1 phosphorylation and degradation, as well as inhibition of IRS-1 transcription (12, 25) . The negative effects observed on IRS-1 function in TSC1-TSC2-deficient cells are much more pronounced than those observed in models of insulin resistance (12, 25) potentially because of the constitutive activation of S6K1. Indeed, the physiological importance of S6K1 in the settings of nutrient overload may be distinct from that of loss of TSC1-TSC2. S6K1's critical role in such settings is reflected by its elevated levels of activation in the liver, adipose, and muscle of obese animals (26, 27) and the fact that S6K1-deficient mice are protected against diet-induced obesity and insulin resistance (27) .
Although the role of S6K1 in modulating insulin action is clear (13, 18, 19) , it remains to be established whether S6K1 directly mediates IRS-1 phosphorylation in physiological settings of nutrient overload. Rapamycin treatment has been shown to inhibit phosphorylation of IRS-1 on Ser-307, Ser-312, Ser-612, and Ser-636/639 (human notation of IRS-1 Ser residues) (11, 12, 23, 24, 27, 28) . Of these residues, mTOR has been shown to directly catalyze the phosphorylation of Ser-636/639 (11), whereas S6K1 was shown to phosphorylate Ser-307 (mouse Ser-302) in vitro (12) . S6K1 Ϫ/Ϫ mice showed decreased phosphorylation of IRS-1 on both Ser-312 (mouse Ser-307) and Ser-636/639 (27) , although neither of these sites reside in a S6K1 recognition motif. Here we have identified Ser-1101 as an S6K1-mediated phosphorylation site in IRS-1. We further found that phosphorylation of Ser-1101 is increased upon nutrient overload and in the obese setting, and it also participates in suppressing insulin action through inhibition of PI3-kinase/Akt signaling, which leads to insulin resistance.
Results
Increased Amino Acid Availability Causes a Rapamycin-Sensitive Inhibition of Insulin Signaling. Nutrient sensing through the mTOR Complex 1 signaling pathway is known to cause inhibition of insulin signaling in a number of cell types (13) . Using L6 muscle cells, we found that supplementation of amino acids to the incubation medium significantly increased S6K1 kinase activity, which was linked to hyperphosphorylation of IRS-1 on serine and threonine residues as evidenced by decreased mobility of the protein on SDS/PAGE and impaired activation of PI3-kinase when compared with amino acid-deprived cells [supporting information (SI) Fig. 6 A-C]. Importantly, these signaling defects were linked to a defective stimulation of glucose transport by insulin (SI Fig. 6D ). In contrast, inhibition of mTOR Complex 1 signaling by rapamycin abrogated S6K1 activity and restored IRS-1 migration behavior, PI3-kinase activity, and glucose uptake in amino acid-treated cells (SI Fig. 6 E-H). These findings indicate that amino acid availability promotes an insulin-resistant state in L6 myocytes, which is mediated by rapamycin-sensitive IRS-1 serine and threonine phosphorylation.
S6K1
Phosphorylates IRS-1 at Ser-1101. To address the ability of S6K1 to directly phosphorylate IRS-1, GST-fusion proteins encoding specific domains of IRS-1 were tested as S6K1 substrates in an in vitro kinase assay (Fig. 1A) . The results of independent experiments show that S6K1 immunopurified from L6 muscle cells has the ability to phosphorylate the N-, middle-and C-terminal domains of IRS-1 (Fig. 1B) . Moreover, the magnitude of S6K1-mediated phosphorylation of IRS-1 in each experiment depended on insulin and amino acid stimulation, and this response was abolished by rapamycin treatment (Fig. 1B) . To determine the relative preference of S6K1 for each of the specific IRS-1 fragments, the kinase reaction products from the same experiments were resolved on a common SDS/PAGE, and 32 P incorporation was normalized for the amount of GST-IRS-1 used for each assay. Although it may not reflect the affinity of S6K1 for specific phosphorylation sites in vivo, we found that, in an in vitro setting, S6K1 preferred GST-IRS-1 C (10-fold above basal; P Ͻ 0.01), compared with either GST-IRS-1 N or GST-IRS-1 M (6-and 4-fold above basal, respectively; P Ͻ 0.01) (Fig. 1C) .
To identify potential S6K1-mediated phosphorylation sites within the C-terminal domain of IRS-1, we searched for the known S6K1 substrate recognition motif, RxRxxSx (29) , and identified Ser-1101 (1) as the unique sequence having this motif. To test the ability of S6K1 to mediate phosphorylation of Ser-1101 in vitro, the GST-IRS-1 C fragment was incubated with S6K1 derived from L6 muscle cells treated with insulin in the absence or presence of rapamycin, and the extent of Ser-1101 phosphorylation was determined with a phosphospecific antibody. The results show that S6K1 derived from insulin-treated cells increases Ser-1101 phosphorylation, and that this effect is potentiated by the presence of amino acids and is totally blunted by pretreatment with rapamycin (25 nM) ( Fig. 2A) . Parallel experiments revealed that Ser-1101 was not phosphorylated by S6K2 immunoprecipitated from the same cells (Fig. 2 A) , although it is active toward 40S ribosomal protein S6 (data not shown and ref. 30 ). We also found that neither S6K2 nor mTOR were present in S6K1 immunoprecipitates from L6 cells, consistent with a specific involvement of S6K1 versus S6K2 in mediating IRS-1 Ser-1101 phosphorylation (SI Fig. 7 ). Importantly, a serine-to-alanine mutation of this site strongly diminished 32 P incorporation into GST-IRS-1 C S1101A by S6K1 immunoprecipitated from either insulin-stimulated L6 myocytes, 3T3-L1 adipocytes, or Fao hepatoma cells (Fig. 2B) , suggesting that Ser-1101 is the major S6K1-mediated phosphorylation site in the C-terminal domain of IRS-1. The fact that phosphorylation still takes place in the GST-IRS-1 C S1101A peptide raised the possibility of alternative S6K1 phosphorylation sites, albeit with weak recognition motifs. We previously reported that PKC-also phosphorylates IRS-1 Ser-1101 (10). However, neither PKC-, ␦, z, nor ␥ are present in S6K1 immunoprecipitates (SI Fig. 7) , ruling out the potential Kinase activity (by using cold ATP only) of S6K1 and S6K2 was determined by using GST-IRS-1 C as a substrate, and then the reaction product was analyzed by SDS/PAGE by using an antibody that detects IRS-1 only when phosphorylated at Ser-1101. Controls for substrate amount (GST-IRS-1 C ) and immunoprecipitated kinases (S6K1 or S6K2) were analyzed by SDS/PAGE, followed by Coomassie blue staining and Western blot with specific antibodies, respectively. (B) Kinase activity of S6K1 was determined by in vitro kinase assay by using GST-IRS-1 C or GST-IRS-1 C (S1101A) as substrates. The means Ϯ SE from three individual experiments are shown for B. * , P Ͻ 0.01 vs.
corresponding S6K1 assay by using wild-type GST-IRS-1 C as a substrate. contribution from these kinases in S6K1-mediated IRS-1 Ser-1101 phosphorylation.
Phosphorylation of IRS-1 at Ser-1101 Depends on Nutrient Availability
and Causes Inhibition of Insulin Signaling. Because amino acids augment insulin-induced hyperphosphorylation of IRS-1 on serine and threonine residues (SI Fig. 6B ), we next determined whether this effect was reflected in specific cell models by increased IRS-1 Ser-1101 phosphorylation. The results demonstrate that insulininduced IRS-1 Ser-1101 and S6K1 Thr-389 phosphorylation were both increased when L6 muscle cells were incubated in an amino acid-enriched medium, an effect that was suppressed by rapamycin ( Fig. 3 Top) . Similar results were obtained in 3T3-L1 adipocytes (Fig. 3 Middle) and Fao hepatoma cells (Fig. 3 Bottom) . Thus, the phosphorylation of IRS-1 at Ser-1101 and the activation status of S6K1 in insulin target cells closely mirrored the data obtained in the in vitro assays, in which S6K1 was found to mediate phosphorylation of IRS-1 at Ser-1101 in a rapamycin-sensitive manner.
To assess the functional consequences of IRS-1 Ser-1101 phosphorylation on insulin signaling, we next measured the ability of insulin to induce tyrosine phosphorylation of either an HA epitopetagged wild-type IRS-1 (HA-IRS-1) or an IRS-1 S1101A (HA-IRS-1 S1101A) mutant after their transfection in CHO cells. Incubation of CHO cells with amino acids and insulin increased the phosphorylation of HA-IRS-1 on Ser-1101, but not that of the HA-IRS-1 S1101A mutant (Fig. 4 A and D) . Importantly, phosphorylation of IRS-1 at Ser-307, Ser-312, and Ser-636/639 (equivalent to mouse Ser-302, Ser-307, and Ser-632/635) appeared to be unaffected by the S1101A mutation of HA-IRS-1 ( Fig. 4A and SI  Fig. 8 ). We further observed that insulin-induced tyrosine phosphorylation of HA-IRS-1 S1101A in the presence of amino acids was significantly elevated, compared with that of wild-type HA-IRS-1 (Fig. 4 B and E) . These findings indicate that phosphorylation of Ser-1101 by S6K1 is inhibitory to insulin receptor signaling. Consistent with this conclusion, we found that Akt Ser-473 phosphorylation, a downstream effector of PI3-kinase, was enhanced in cells expressing the S1101A-mutated form of IRS-1, compared with those expressing its wild-type counterpart (Fig. 4 C and F) . We previously showed that S6K1 Thr-389 phosphorylation in the liver of diet-induced obese rats is markedly elevated in the fasting state and that this response is accelerated in the presence of insulin, peaking 5 min after injection (26) . Here we determined whether genetically induced obesity in mice is associated with S6K1 activation and increased phosphorylation of IRS-1 on Ser-1101. As shown in Fig. 5A , S6K1 Thr-389 and IRS-1 Ser-1101 phosphorylation were barely detectable in the liver of lean Db/Db mice. Acute (5-min) insulin injection slightly increased S6K1 activation and IRS-1 Ser-1101 phosphorylation in these lean mice. In marked contrast, S6K1 activation and IRS-1 Ser-1101 phosphorylation were sharply increased in the liver of obese diabetic db/db mice, and this finding was further enhanced by acute insulin stimulation (Fig. 5A) . To further evaluate the role of S6K1 in mediating IRS-1 Ser-1101 phosphorylation in the animal, wild-type and S6K1 Ϫ/Ϫ mice were placed on a normal (chow) or high-fat diet for 14 weeks. We recently showed that a high-fat diet induces marked insulin resistance in wild-type, but not in S6K1 Ϫ/Ϫ , mice (27) . Here we find that development of insulin resistance in animals placed on a high-fat diet is associated with increased IRS-1 Ser-1101 phosphorylation in wild-type, but not S6K1 Ϫ/Ϫ , mice (Fig. 5B) . These latter findings are consistent with our previous observations that S6K1 is constitutively activated in the liver of obese rodents (26, 27) and therefore contributes to IRS-1 Ser-1101 hyperphosphorylation in this insulinresistant setting.
Using siRNA-mediated gene silencing, we previously demonstrated that S6K1 increases IRS-1 Ser-312 and Ser-636/639 phosphorylation in a cell-autonomous manner (27) . Therefore, we tested whether this finding also was the case for IRS-1 Ser-1101. Reduction of S6K1 levels with siRNAs in HeLa cells (Fig. 5C ) and L6 myocytes (Fig. 5D ) resulted in a lower IRS-1 Ser-1101 phosphorylation in the absence or presence of insulin stimulation. In addition, we showed that silencing of S6K1 partially reduced phosphorylation of IRS-1 at Ser-636/639 in L6 muscle cells (Fig.  5D) , which is in agreement with our previous observation in HeLa cells (27) . Thus, removal of S6K1 reduced IRS-1 Ser-1101 phosphorylation in a cell-autonomous manner.
Finally, we tested the hypothesis that nutrient-induced insulin resistance also was linked to S6K1-mediated impairment of insulin signaling by IRS-1 Ser-1101 phosphorylation in humans. Paired healthy subjects were infused with saline or amino acids, and muscle biopsies were obtained before and after insulin stimulation. Using this experimental paradigm, we previously reported that the induction of insulin resistance by amino acids in human was associated with the hyperactivation of S6K1 (31, 32) . Here we show that the activation status of S6K1 as shown by increased Thr-389 phosphorylation was tightly linked to IRS-1 Ser-1101 phosphorylation and insulin resistance in human skeletal muscle (Fig. 5E) . Indeed, although insulin alone slightly increased phosphorylation of IRS-1 at Ser-1101, a combined infusion of amino acids and insulin resulted in a dramatic increase in the phosphorylation of IRS-1 at Ser-1101 and severely blunted the ability of IRS-1-associated PI3-kinase to catalyze the in vitro formation of PI3-phosphate, all of which are consistent with a hyperphosphorylated state of S6K1 in these subjects (Fig. 5E ).
Discussion
The mTOR Complex 1-S6K1 signaling axis emerged as a central integration point for multiple inputs, including amino acids and hormones (15) (16) (17) . First recognized as important modulators of translational events, mTOR Complex 1 and its downstream effector, S6K1, are now considered instrumental to the operation of a negative-feedback loop that acts on IRS-1 (13, 18, 19, 22, 27) . We proposed the existence of this negative feedback mechanism based on the observation that inhibition of insulin-stimulated PI3-kinase activity by amino acids was rapidly and temporally related to the activation of S6K1 and IRS-1 serine phosphorylation, a process found to be fully abrogated by the mTOR Complex 1/S6K1 inhibitor, rapamycin (13, 22) . Evidence implicating S6K1 as a key element of this negative-feedback loop first emerged in studies in Drosophila, where it was demonstrated that the Drosophila orthologue of S6K1, dS6K, was a negative regulator of dAkt signaling (33, 34) . Using biochemical and genetic approaches, recent studies demonstrated the involvement of S6K1 in this inhibitory feedback loop toward the IRS-1-PI3-kinase-Akt pathway in mammalian cells (13, 18, 19, 27) . Moreover, S6K1 was found to be highly active in the liver, muscle, and adipose tissue of obese animals, an effect that is paralleled by increased serine phosphorylation of IRS-1 and the absence of Akt activation (26, 27) . The underlining mechanism by which S6K1 mediates the nutrient-dependent and rapamycinsensitive phosphorylation of IRS-1 has become a critical issue in insulin signaling.
To address this question, we designed an S6K1 in vitro kinase assay in which GST-fusion proteins encoding specific domains of IRS-1 were used as substrates. We found that S6K1 purified from insulin-and amino acid-treated cells possesses the ability to phosphorylate multiple residues located within distinct domains of IRS-1. Further analysis of S6K1-mediated phosphorylation of the N-terminal domain of IRS-1 by mass spectrometry and Western blotting identified Ser-307 as a direct target of the kinase (F. Tremblay, S. Brûlé, J. Hunter, and A. Marette, unpublished data). These results are in agreement with the finding of Harrington et al. (12) , who found that IRS-1 was phosphorylated in vitro by S6K and that mutation of IRS-1 at Ser-302 (S302A) (equivalent to human Ser-307) blunted phosphorylation of its N-terminal portion. Analysis of the middle portion of IRS-1 (GST-IRS-1 M ) revealed immunoreactivity to an antibody that recognizes IRS-1 when phosphorylated at Ser-636/639 (data not shown). This finding is not surprising given studies showing that nutrient-and hormonal-dependent phosphorylation of these sites is enhanced in obese mice (27) , blocked by rapamycin (23, 24, 26) , and found to be severely reduced in adipose tissue of S6K1 Ϫ/Ϫ mice (27) , as well as after siRNAmediated knockdown of S6K1 in HeLa cells and L6 myocytes (Fig.  5 C and D) . Consistent with these findings, Shah and Hunter (35) found that Ser-636/639 phosphorylation, although not directly mediated by S6K1, depends on S6K1 phosphorylation of IRS-1 in vivo. Employing a rapamycin-resistant form of S6K1, they showed that, in the presense of rapamycin, IRS-1 Ser-636/639 phosphorylation was unaffected, arguing that the kinase-regulating phosphorylation of this site was distinct from mTOR (35) . However, others showed that mTOR/raptor directly phosphorylate IRS-1 at Ser-636/639, and that rapamycin inhibits this response even in NIH 3T3 cells expressing a rapamycin-resistant form of S6K1 (36) . It also should be noted that overexpression of a kinase-dead mutant of S6K1 blunted IRS-1 Ser-636/639 phosphorylation in 293HEK cells (36) , supporting the notion that S6K1, through second-site phosphorylation, can mediate phosphorylation of this site. Clearly, more studies are needed to clarify the mechanisms by which S6K1 facilitates Ser-636/639 phosphorylation by mTOR/raptor and/or another proline-directed kinase.
The major finding of the present study is the identification of a S6K1 phosphorylation site in IRS-1 located at its C-terminal extremity, Ser-1101. Experiments carried out in the skeletal muscle, liver, and adipose cells indicate that phosphorylation of this site depends on insulin stimulation and was modulated by the presence of amino acids. Moreover, we showed that phosphorylation of IRS-1 at Ser-1101 and the activation status of S6K1 in L6 myocytes closely mirrored the in vitro assay findings, in which S6K1 was found to mediate phosphorylation of IRS-1 at Ser-1101 in a rapamycinsensitive manner. Consistent with this finding, serine-to-alanine mutation of this site markedly reduced phosphorylation of the IRS-1 C fragment, in agreement with this residue being the principal site of S6K1 phosphorylation. Mutational analysis further revealed the importance of this site in the development of insulin resistance in vitro because cells expressing a Ser-1101-unphosphorylatable form of IRS-1 showed enhanced insulin-induced tyrosine phosphorylation of IRS-1 and Akt Ser-473 phosphorylation. The mechanism by which phosphorylation of Ser-1101 interferes with its tyrosine phosphorylation remains to be clarified, but one could speculate that it causes a steric hindrance on one or more of many potential tyrosine phosphorylation sites on the C-terminal region of IRS-1, potentially antagonizing the PI3-kinase binding (37) . Importantly, improved insulin signaling to Akt in cells expressing the mutant form of IRS-1 (S1101A) occurred despite unchanged phosphorylation at Ser-307, Ser-312, and Ser-636/639, residues known to be associated with insulin resistance (5, 11, 12, 24) . These results suggest that phosphorylation of IRS-1 at Ser-1101 by S6K1 contributes to the induction of insulin resistance under conditions in which nutrients are available in excess.
S6K was recently shown by Harrington et al. (12) to phosphorylate an IRS-1 fragment (IRS-1 899Ϫ1235 ) encompassing residues 899-1235 of murine IRS-1. However, the in vitro phosphorylation of IRS-1 899Ϫ1235 was weak compared with the ability of S6K to phosphorylate the IRS-1 fragment (IRS-1 108Ϫ516 ) containing Ser-302. In comparing these findings, it is important to note that Harrington et al. used recombinant S6K2 purified from insect cells for the in vitro kinase assays, whereas we used S6K1 immunoprecipitated from insulin-and amino acid-stimulated mammalian cells. We found that S6K1, but not S6K2, mediates phosphorylation at Ser-1101. Given the large numbers of serine and threonine residues within GST-IRS-1 C , it is conceivable that S6K1 and S6K2 preferentially target distinct residues within IRS-1.
High-fat feeding in rodents leads to the development of insulin resistance by promoting excessive storage of triglycerides not only in the adipose tissue, but also in the liver and skeletal muscle (38) (39) (40) . There also is evidence for increased availability of amino acids in skeletal muscle of high-fat fed rats (41) . We recently observed that S6K1 was overactivated in the fat, liver, and muscle of obese animals (26, 27) and that deletion of S6K1 in mice protected these animals against diet-induced obesity and the development of insulin resistance (13, 27) . We now provide evidence that phosphorylation of IRS-1 at Ser-1101 is increased in the liver of animals rendered obese by increased fat intake, compared with lean, low-fat diet-fed mice. The pathophysiological role of S6K1 in this process is evidenced by the observation that S6K1-deficient mice show no increase in the phosphorylation of IRS-1 at Ser-1101 when fed a high-fat diet, a finding consistent with their improved insulin sensitivity (27) . That these effects are mediated in a cell-autonomous manner was shown by the finding of blunted IRS-1 Ser-1101 phosphorylation after S6K1 removal by RNA interference.
We previously reported that phosphorylation of Ser-1101 was induced by ''classical'' mediators of insulin resistance, such as free fatty acids and TNF-␣ (10). We further found that PKC-was a prominent IRS-1 serine kinase, among other members of the PKC family, and that phosphorylation of IRS-1 at Ser-1101 was reduced in PKC-Ϫ/Ϫ mice (10). These results underscore the importance of Ser-1101 as an IRS-1 phosphorylation site that integrates stress/ obesity signals through PKC-and nutrient/hormonal inputs by S6K1 to create a state of insulin resistance. In contrast, a recent study failed to observe elevated Ser-1101 phosphorylation in TSC1-TSC2-deficient mouse embryo fibroblasts, where loss of function of the TSC1-TSC2 complex gives rises to a marked and unregulated hyperactivation of the mTOR-S6K1 pathway (35) . However, mTOR and S6K1 are constitutively activated in this model, leading to a dramatic hyperphosphorylation of IRS-1 on other serine residues and marked IRS-1 degradation (12, 25, 35 ). This finding is clearly different from the comparatively modest and regulated overactivation of S6K1 in classical models of insulin resistance, such as the liver and muscle from dietary and genetic models of obesity ( Fig. 5 A and B) (26, 27) or in muscle of human subjects infused with amino acids (Fig. 5E) . Indeed, in those models, we find no evidence for IRS-1 degradation despite increased phosphorylation of Ser-1101, suggesting that Ser-1101 phosphorylation by S6K1 is an early event in the activation of the negative-feedback loop and potentially not essential for proteasomal degradation of IRS-1.
As in mice, overconsumption of nutrients in humans promotes insulin resistance (13, 14) . Early studies also have shown that plasma concentrations of amino acids, particularly branched-chain amino acids, are elevated in obese insulin-resistant subjects (13, 42, 43) . Similar to our observation in L6 myocytes, increased amino acid availability in humans during physiological hyperinsulinemia impairs glucose uptake in skeletal muscle (31) . In the present report, we explored the possibility that amino acid-induced insulin resistance is linked with S6K1-mediated phosphorylation of IRS-1 at Ser-1101. We found that, although infusion of insulin alone barely increases S6K1 activity, a combination of insulin and amino acids leads to a strong activation of S6K1 and increased phosphorylation of IRS-1 at Ser-1101. These data strongly support our previous results showing that S6K1 is promoting a state of insulin resistance in humans when nutrients are present in excess (32) , consistent with our previous findings in mice (27) . Whether increased activation of S6K1 is a common feature of human obesity and insulin resistance is currently unknown, but the use of phosphospecific antibodies against IRS-1 (Ser-1101) and S6K1 (Thr-389) as diagnostic tools might prove to be useful to predict and design therapeutic treatments.
In summary, the present study argues that increased amino acid availability leads to insulin resistance in part through promoting S6K1-mediated phosphorylation of IRS-1 at Ser-1101. More importantly, our data strongly suggest that phosphorylation of IRS-1 Ser-1101 by S6K1 is an important causal element involved in the development of insulin resistance in both animals and humans during nutrient satiation.
Methods
GST-Fusion Proteins. GST-fusion proteins containing rat IRS-1 fragments, GST-IRS-1 N (amino acids 2-516), GST-IRS-1 M (amino acids 526-859), and GST-IRS-1 C (amino acids 900-1235) have been previously described (44) . The S1101A mutation was generated by using pGEX-2T/GST-IRS-1 (amino acids 900-1235) as a
